Abstract. Adoptive cellular immunotherapy (ACI) has been demonstrated to be a promising cancer therapeutic; however, the inefficient migration of adoptive immune cells to tumors is one of the rate-limiting factors of ACI. The present study investigated whether 2 Gy low dose irradiation (LDI) was able to increase the migration of adoptive lymphocytes to gastric cancer cells. Treatment with 2 Gy LDI resulted in marked chemokine (C-X-C motif) ligand 9 (CXCL9) and CXCL10 production from gastric cancer cell lines. A Transwell chamber migration assay demonstrated enhanced transmigration of cytotoxic T lymphocytes to gastric cancer cells following LDI treatment. After 2 Gy LDI application to established gastric carcinoma in nude mice, labeled immune cells were infused by intravenous injection and concentrated fluorescence signals were observed at the tumor sites within the mice, with a peak signal at 8-h LDI. Increased numbers of adoptive T cells at the tumor sites were also observed using flow cytometry. Furthermore, a case study of a patient with metastatic gastric cancer who had received ACI treatment combined with 2 Gy LDI provided further evidence that 2 Gy LDI is able to recruit antitumor effector T cells to tumor sites. Therefore, the ability of 2 Gy LDI to convert tumors into inflamed peripheral tissues may be exploited to overcome obstacles at the effector phase of the antitumor immune response and improve the therapeutic efficacy of immunotherapy.
Introduction
Adoptive cellular immunotherapy (ACI), a developing cancer therapeutic, is able to mobilize and strengthen the body's immune system to kill cancer cells; however, clinical trials using ACI have yielded low objective response rates (1) . Inefficient T cell migration limits the effect of cancer immunotherapy. Even large numbers of fully activated tumor-specific cluster of differentiation (CD)4 + T helper 1 and cytotoxic CD8 + T cells may fail to reject established immunogenic murine or human tumors due to their insufficient migration to tumor tissue (2, 3) . An essential requirement for cancer immunotherapy is activation of antigen-specific T cells and their migration to tumor sites (4) .
Radiotherapy has a synergistic effect on immunotherapy.
Low dose irradiation (LDI) of 2 Gy had been demonstrated to induce the highest ratio of effector T cells to FoxP3
+ immunosuppressive regulatory T cells when combined with adoptive T cell transfer (5) . However, no previous reports have investigated combining 2 Gy LDI with ACI to increase the migration capacity of adoptive lymphocytes to tumor cells. The distribution of immune cells injected into a tumor-bearing body after 2 Gy LDI has not yet been described. Therefore, it would be worthwhile to acquire visual evidence of the migration ability of immune cells after 2 Gy LDI.
Chemokines and their receptors have a crucial role in T cell recruitment to different tissues, and regulate both homeostatic and inflammation-dependent homing of T cells (6) (7) (8) . However, little is understood about the chemokines involved in the recruitment of effector T cells to tumors following irradiation. Cancer cells produce several chemokines, largely to recruit leukocytes that promote tolerance and immune escape, and to aid tumor growth by enhanced angiogenesis. On the other hand, chemokine (C-X-C motif) ligand 9 (CXCL9) and CXCL10 have been demonstrated to recruit lymphocytes that reject the tumors (9, 10) .
Owing to the progression of fluorescence imaging techniques, it is possible to trace the migration of cells in living animal models (11) . The development of a near-infrared fluorescence imaging technique has made it possible to trace living cells in deep tissue (12) . Furthermore, fluorescent labeling of immune cells with 1,1'-dioctadecyl-3,3,3',3'-tetramethy indotricarbocyanine iodide (DiR) does not adversely affect their proliferation and cytotoxic function, and the labeling efficiency is ~99.9% (13) .
In the present study, a AGS-EBV preclinical model of metastatic gastric adenocarcinoma was utilized to determine whether 2 Gy LDI is able to increase the migration capacity of cytotoxic T lymphocytes (CTLs) to tumor cells. Whether LDI increased the expression and release of chemokines CXCL9 and CXCL10 by AGS-EBV cells and recruitment of tumor-specific activated CD8 + cells will be discussed. The present study monitored antigen-specific CTLs dynamically labeled with the near-infrared fluorescent dye, DiR. The present study highlights the therapeutic potential of local LDI combined with ACI.
Materials and methods
Ethics statement. All animal protocols followed the experimental procedures of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Ethics Committee of Drum Tower Hospital. All donors provided their informed written consent.
Cell line. Human gastric adenocarcinoma cell line AGS-EBV (purchased from the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences, Shanghai, China) was cultured in RPMI-1640 media (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) supplemented with 10% fetal bovine serum (Invitrogen; Thermo Fischer Scientific, Inc.) and 1 U/ml gentamicin (Gibco; Thermo Fisher Scientific, Inc.). The culture was maintained in a humidified atmosphere of 5% CO 2 at 37˚C.
Antigen peptides. Epstein-Barr virus (EBV)-latent membrane protein (LMP)2A-derived peptide LMP2A356 -364 (FLYALALLL) was synthesized according to standard Fmoc solid phase synthesis methods (GenScript, Nanjing, China). Peptide purity was determined using analytical reverse-phase high performance liquid chromatography by GenScript Corporation (Nanjing, China) and purity was routinely >95%. Lyophilized peptides were diluted in dimethyl sulfoxide and stored at -20˚C.
Animals.
A total of 30 female BALB/c nu/nu nude mice (6-to 8-weeks old; weight, 20±2 g) were obtained from the Animal Center of the Nanjing University Medical School (Nanjing, China). All animals were breed in a specific pathogen-free class barrier system, had access to a 12-h light/dark cycle and were maintained in a temperature controlled room (20-26˚C) with a humidity of 50-80%. Mice had free access to water and food.
Induction of LMP2A-specific CTLs by LMP2A peptide pulsed myeloid dendritic cells (mDCs) in vitro. Human CTLs of healthy donors were generated as described previously (14) . In brief, mDCs were harvested after 5 days of culture in the presence of recombinant human (rh) granulocyte macrophage colony-stimulating factor (200 ng/ml) and rh interleukin (IL)-4 (100 ng/ml; both PeproTech, Inc., Rocky Hill, NJ, USA), adjusted to 5x10 5 cells/ml in 24-well plates and incubated at 37˚C for 48 h with EBV-LMP2A peptide (25 µg/ml). Tumor necrosis factor (TNF)-α (200 ng/ml; PeproTech, Inc.) was added to the culture media, which was then incubated at 37˚C for 24 h. T cells were co-cultured with LMP2A-DCs at a ratio of 10:1 in 24-well plates in 1 ml AIM-V medium (Life Technologies; Thermo Fisher Scientific, Inc.) supplemented with 10% human AB serum (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in 5% CO 2 for 5-7 days. Cells were stimulated with fresh peptide-pulsed autologous DCs twice daily for 7 days. After 3 days, rhIL-2 was added at a final concentration of 20 U/ml to all wells and this was repeated every 2-3 days thereafter. On day seven after the final stimulation, cells were harvested and LMP2A356-364 epitope-specific cytolytic activity of T lymphocytes was measured using tetramer technology. Briefly, the single cell suspension was adjusted to 5x10 6 cells/ml and 1 ml was inserted into a 1.5-ml Eppendorf tube. Following washing two times with phosphate buffered saline (PBS), the cells were suspended in 5 µl phycoerythrin-labeled LMP2A-356 tetramer (Kuangbo Biotechnology Corp, Beijing, China), incubated in the dark at 4˚C for 20 min and washed two times with PBS again. Subsequently, 2.5 µl PerCP-Cy5.5-labeled human CD3 antibodies (BD Biosciences, Franklin Lakes, NJ, USA; cat. no. 6203-25; 1:40 dilution) and 2.5 µl allophycocyanin-labeled human CD8 antibodies (BD Biosciences; cat. no. 641400; 1:40 dilution) were added and the mixture was incubated in the dark at 4˚C for 20 min. Subsequently, cells were washed with PBS two times again and suspended to 300 µl PBS prior to being examined using a flow cytometer. Data was analyzed using CellQuest software (Version 5.1, BD Biosciences).
Detection of secretion of chemokines in tumor cells.
Gastric carcinoma AGS-EBV cells were incubated in RPMI-1640 medium with no serum for 12 h to starve the cells. Subsequently, the cells were plated at 1x104 cells/well in duplicate wells of a 96-well plate. Chemokine concentrations were measured 24 h after 2 or 5 Gy radiation or mock treatment. CXCL9 and CXCL10 release in culture supernatant was determined using ELISA kits (RayBiotech, Inc., Norcross, GA, USA; cat. nos. QC123 and QC23).
Transwell migration assay. Transwell migration assays were performed using 3-µm Transwell chambers (Corning, Inc., Corning, NY, USA). Briefly, 5x10 5 T cells were added to the upper chamber in 100 µl of AIM V supplemented with 1% bovine serum albumin (chemotaxis buffer) (Life Corporation). The lower chamber contained 600 µl of chemotaxis buffer and 1x10 5 AGS-EBV cells 24 h after they had been irradiated with 2 or 5 Gy or not treated. After incubation for 4 h at 37˚C, cells that migrated inzto the lower chamber were collected and counted.
Fluorescent labeling of immune cells.
DiR is a lipophilic, near-infrared fluorescent cyanine dye used for labeling the cytoplasmic membrane. CTLs were suspended at a concentration of 1x10 6 cells/ml. DiR working solution (1 µg/ul) was added into the cell suspension and incubated for 30 min at 37˚C with 10 ul of dye used per 10 6 cells. Following this, the dye was cleared away with two washes using AIM V medium.
Establishment of a gastric carcinoma model. A total of 20 female nude mice were injected subcutaneously with 1x10 7 AGS-EBV cells. After tumor formation (2-3 week later), nude mice bearing gastric carcinomas were randomly divided into two groups: Intravenous injection of CTLs (CTL-i.v.) group and intravenous injection of CTLs plus local 2 Gy LDI at tumor sites (CTL-i.v. + LDI) group.
Adoptive transfer and LDI. Tumors were either not irradiated or locally irradiated with a 2-Gy dose of radiation using an X-RAD 320 Biological Irradiator (Precision X-Ray, North Branford, CT, USA) 1 day prior to transfer of CTLs. Saline suspensions of CTLs labeled with DiR were constructed at a concentration of 1x10 8 cells/ml and each tumor-bearing mouse received an infusion of 0.1 ml (1x10 7 ) labeled cells.
Fluorescence live imaging (FLI).
After infusion of CTLs, each mouse was anesthetized with 2% isoflurane (Yuyan Instruments, Shanghai, China) and FLI was performed using the Xenogen IVIS-Spectrum Imaging System (Xenogen; Caliper Life Sciences, Inc., Hopkinton, MA, USA). Imaging examination times were set as follows: Day 0, 1 h after infusion; 2, 4, 8 and 24 h after infusion (day 1); and 2, 6, 9 and 12 days after infusion. Living Image v.4.1 software (PerkinElmer, Waltham, MA, USA) was used to draw and calculate the region of interest.
Flow cytometry to detect the content of CTLs in tumor tissue. Recipient tumor-bearing mice were sacrificed 8 h after injection of DiR-labeled CTLs. The tumors of these mice were isolated. Single cell suspensions of tumor tissues were prepared and the CTL content was detected using flow cytometry. The single cell suspension was adjusted to 1-2x10 7 cells/ml and 1 ml was inserted into a 1.5-ml Eppendorf tube. Following washing two times with PBS, the cells were suspended in 5 µl CD3 antibodies (BD Biosciences; cat. no. 6203-25, 1:20 dilution) respectively, and incubated in the dark at 4˚C for 30 min. Subsequently, cells were washed with PBS two times again and suspended to 1 ml PBS prior to being examined using a flow cytometer. Analysis was performed using CellQuest software (Version 5.1, BD Biosciences).
Statistical analysis. All statistical analyses were performed using SPSS v.17.0 software (SPSS, Inc., Chicago, IL, USA). One way analysis of variance and Newman-Keuls multiple comparison tests were used to compare the differences between multiple groups. Unpaired two-tailed Student's t-tests were used to analyze differences between two groups. Data were presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results

Content of LMP2A-specific CTLs.
The content of LMP2A-specific T cells in the CTL population was detected by EBV-LMP2A-356 tetramer technology. The EBV-LMP2A-356 antigen peptide-loaded DC induced peripheral blood mononuclear cells into CTLs in vitro. At 14 days after the cells were cultured, a small amount (5x10 6 ) of CTLs were incubated with fluorescein-labelled EBV-LMP2A-356 tetramers for 30 min, and CD3 and CD8 were subsequently labelled with a flow cytometry antibody. It was demonstrated that the EBV-LMP2A-356-specific CTLs accounted for 47.1% of CD8 + T cells (Fig. 1) .
Radiation induces upregulation of CXCL9 and CXCL10
release in tumor cells. Chemotaxis assays were performed to detect the secretion of chemokines CXCL9 and CXCL10 by AGS-EBV cells that were able to recruit antitumor effector T cells. ELISA test results demonstrated that there was not significant CXCL9 and CXCL10 release in AGS-EBV cells at the basal condition (CXCL9, 30.23±4.31 pg/ml; CXCL10, 28.21±5.34 pg/ml). However, in 2 Gy-irradiated tumor cells, soluble CXCL9 and CXCL10 significantly increased by ~7-fold (CXCL9, 201.32±21.37 pg/ml; CXCL10, 218.54±18.37 pg/ml) compared with non-irradiated tumor cells (P<0.05). In 5 Gy-irradiated tumor cells, soluble CXCL9 and CXCL10 was significantly increased by ~10-fold (CXCL9, 320.47±31.47 pg/ml; CXCL10, 332.56±18.37 pg/ml) compared with non-irradiated tumor cells (P<0.05; Fig. 2 ).
LDI attracts CTLs to tumor cells in vitro.
Transwell migration assays demonstrated that both 2 and 5 Gy LDI promoted immune cell migration to tumor sites. There was no evident immune cell migration towards non-irradiated gastric cancer cells (0.9±0.2%). As expected, migration of CTLs towards irradiated AGS-EBV cells was significantly increased ~6-fold after 2 Gy LDI (5.9±0.4%) and ~9-fold after 5 Gy LDI (9.1±0.5%; P<0.05; Fig. 3 ). 
Distribution of CTLs in tumor-bearing mice. DiR-labeled
CTLs were injected into tumor-bearing nude mice, intravenously. Fluorescent signal intensity was observed at different times using fluorescence imaging. CTLs were predominantly accumulated in the liver and spleen region, their levels peaked at 24 h and gradually decreased and cleared at 9 days (Fig. 4) .
Effect of LDI on the distribution of CTLs in tumor-bearing mice.
Intravenous-infused CTLs displayed enhanced accumulation in tumor sites after 2 Gy LDI, with CTL levels peaking at 8 h. These levels then gradually decreased and cleared at ~24 h (Fig. 4) . Enhanced accumulation of CTLs at un-irradiated tumor sites was not observed in the control group. Living Image v.4.1 software was used to draw and calculate the region of interest.
Effect of LDI on the migration of CTLs to tumor sites in vivo.
Flow cytometry results demonstrated that only a small proportion of lymphocytes were detected in the tumor tissue of the CTL-i.v. group, with a ratio of T lymphocytes in the single cell suspension of tumor tissue of 0.15±0.03%. A significantly increased number of lymphocytes (~9-fold) was detected in the CTL-i.v. + LDI group compared with the CTL-i.v. group, with a ratio of T lymphocytes in the single cell suspension of tumor tissue of 1.45±0.14% (P<0.05; Fig. 5 ).
Effect of LDI in a patient with metastatic gastric cancer. In a case study, ACI combined with 2 Gy LDI was performed on a stage IV cancer patient with a metastatic mediastinum tumor.
As expected, after two courses of LDI + ACI treatment, the size of the mediastinum tumor was markedly reduced compared to the tumor size before treatment; however, the lesions as a result of radiotherapy were increased (Fig. 6) .
Discussion
In the present study it was demonstrated, for the first time, that 2 Gy LDI is able to markedly upregulate the release of chemokines CXCL9 and CXCL10 from human gastric cancer cells. It was also demonstrated that local tumor LDI increases the migration of activated CTLs to tumor sites, both in vitro and in vivo. An essential requirement for cancer immunotherapy is activation of antigen-specific T cells and their homing to tumors. Although clinical studies on antitumoral immunization have reported the presence of immune effector cells in the periphery or at the injection site, the therapeutic antitumor responses remain limited (2, 15) . The most obvious reason for the lack of clinical response is insufficient tumor infiltration of immune effector cells (4) .
Radiotherapy is a standard treatment used in oncology and may be very precisely targeted to tumors to minimize immunosuppressive side effects, which is an advantage over systemic chemotherapy (16) . Recently, the possibility of combining local radiotherapy with immunotherapy has been explored (17) . The ability of irradiation to convert tumors into inflamed peripheral tissues may be exploited to overcome obstacles at the effector phase of the antitumor immune response and improve the therapeutic efficacy of immunotherapy (17) . However, irradiation alone has been demonstrated to increase the number of intratumoral myeloid-derived suppressor cells (MDSCs) (18 (5) . Based on these findings, the present study used 2 Gy LDI. Additionally, LDI induces minimal damage to surrounding normal tissue, can be widely applied and is particularly suitable for recurrent tumors that have received radiotherapy previously (20) . LDI may be more suitable as a clinical treatment when combined with immunotherapy.
Effective T cell migration into peripheral tissues occurs at sites of infection-induced inflammation, through interaction with endothelial cells and is guided by chemokines secreted by activated cells (21, 22) . A study by Matsumura et al (23) demonstrated that ionizing radiation markedly enhanced the secretion of CXCL16 by murine and human breast cancer cells, resulting in the recruitment of antitumor effector T cells to sites of inflammation. Soluble CXCL9 and CXCL10 has been demonstrated to induce strong chemotaxis of activated T cells and natural killer cells, which express high levels of CXCR3 + (2, 24, 25) . Similarly, the results of the present study indicate that LDI-treated EBV-AGS tumor cells induce strong CXCL9/CXCL10-dependent chemotaxis of activated CD8 + cells in vitro (Fig. 3) , and that local tumor LDI in vivo may enhance the recruitment of tumor-specific CD8 + cells (Fig. 4) . The mechanisms by which LDI regulates trafficking of T cells to solid tumors remain largely undefined. Klug et al (5) also demonstrated that local neoadjuvant LDI resulted in normalization of aberrant vasculature and efficient recruitment of tumor-specific T cells in human pancreatic carcinomas, which led to T cell-mediated tumor rejection and prolonged survival in xenotransplant murine tumor models. From the present study, it is evident that 2 Gy LDI is able to markedly enhance the secretion of chemokines CXCL9 and CXCL10 by human gastric cancer cells, which have an important role in the recruitment of tumor-specific CTLs to tumor sites. Localized 2 Gy LDI induces enhanced intratumoral levels of immune cell populations that are crucial for stimulating the antitumor responses in the effector phase of the antitumor immune response. The underlying molecular mechanisms are, at least partly, due to irradiation-induced changes in chemokine levels.
In conclusion, the present study demonstrates that local 2 Gy LDI of tumors induces upregulation of chemokine secretion, resulting in the recruitment of activated T cells to the tumor. These results suggest that LDI may be an easily translatable strategy to overcome immune barriers at the effector phase of ACI.
